Coxsackievirus and adenovirus receptor (CAR) from which the cytoplasmic domain had been deleted and glycosylphosphatidylinositol (GPI)-anchored CAR lacking both transmembrane and cytoplasmic domains were both capable of facilitating adenovirus 5-mediated gene delivery and infection by coxsackievirus B3. These results indicate that the CAR extracellular domain is sufficient to permit virus attachment and entry and that the presence of a GPI anchor does not prevent infection.
Coxsackie B viruses and adenoviruses 2 and 5 initiate infection by attaching to the coxsackievirus and adenovirus receptor (CAR) (2, 25) . CAR is a 46-kDa protein composed of an extracellular domain containing two disulfide-linked loops, a typical hydrophobic transmembrane domain, and a 107-aminoacid-long cytoplasmic domain. The murine CAR homolog also functions as a receptor for both viruses (3, 25) . Human and murine CAR proteins show 91% amino acid identity within the extracellular domain, 77% identity within the transmembrane domain, and 95% identity within the cytoplasmic domain. CAR's cellular function has not been determined, but the high degree of sequence conservation suggests a significant role for the cytoplasmic domain. Whether the cytoplasmic domain is important for virus internalization and infection is not known.
All coxsackie B viruses tested so far use CAR as a cellular receptor (19a) , but some coxsackie B viruses bind to an additional receptor, decay-accelerating factor (DAF) (4, 22) . Although virus attachment to CAR on transfected rodent cells leads to productive infection, attachment to DAF does not, indicating that DAF-transfected cells are deficient in a postattachment function essential for virus replication. DAF is distinctive among identified virus receptor proteins in that it lacks typical transmembrane and cytoplasmic domains and is linked directly to the outer leaflet of the cell membrane by a glycolipid (glycosylphosphatidylinositol [GPI] ) anchor (9, 19) . GPI-anchored proteins are localized in distinct membrane microdomains (6) , and several studies indicate that GPI-anchored and transmembrane proteins are internalized by different routes (1, 16) . Whether the DAF glycolipid anchor is a barrier to coxsackievirus infection has not been determined.
Adenovirus infection involves the attachment of the viral fiber to a primary receptor, such as CAR; virus internalization is facilitated by a subsequent interaction between the viral penton base and cell surface integrins (␣v␤3 and ␣v␤5) (29) . On cells that lack fiber receptors, penton base-mediated attachment to other cell surface proteins may permit virus uptake (15) . In addition, modifications of the adenovirus fiber that permit attachment to other proteins allow adenoviruses to enter cells by a CAR-independent route (30) . The observation that virus attachment to other molecules may substitute for interaction with CAR suggests that CAR may not function in postattachment events in infection. If CAR functions primarily in virus attachment, CAR structures not directly involved in attachment may be dispensable.
In these studies we examined whether the highly conserved CAR cytoplasmic domain is essential for virus entry and infection. We also examined whether infection requires the CAR transmembrane domain or whether CAR expressed with the DAF glycolipid anchor can also promote infection by coxsackie B viruses and adenoviruses.
CAR mutants that lack the cytoplasmic and transmembrane domains. To assess the roles of the transmembrane and cytoplasmic domains in virus infection, we engineered two truncated forms of human CAR (hCAR) (Fig. 1) . CAR with a deletion of the cytoplasmic domain (tailless CAR) was obtained by the use of PCR mutagenesis to insert a stop codon within CAR cDNA at the position corresponding to amino acid 261 (2) . To delete both the cytoplasmic and transmembrane domains, we used splice overlap extension PCR (13, 32) to fuse the CAR extracellular domain to the 37 carboxy-terminal amino acids of human DAF, which are known to contain signals that permit proteolytic cleavage and attachment to a glycolipid anchor (7) . This construct is referred to as GPI-CAR.
Wild-type and truncated CAR cDNAs were inserted into the EcoRI and XbaI sites of the expression vector pcDNA3.1 (Invitrogen, Carlsbad, Calif.). Each CAR cDNA, or empty pcDNA3.1 used as a negative control, was cotransfected into dihydrofolate reductase-deficient CHO cells with a plasmid encoding dihydrofolate reductase, and transfectants were selected in nucleoside-free medium as previously described (11) . Cell populations with surface CAR expression were isolated by fluorescence-activated cell sorting with the anti-CAR monoclonal antibody (MAb) RmcB (14) (Fig. 2A) .
GPI-anchored proteins are released from the cell membrane by the action of a specific enzyme, phosphatidylinositol-specific phospholipase C (PIPLC) (9, 19) . To confirm that GPI-CAR was in fact linked to the membrane by a glycolipid anchor, transfected cells were incubated with PIPLC before flow cytometry analysis (Fig. 2B ). As expected, PIPLC treatment significantly reduced the level of CAR expression on GPI-CAR transfectants but did not diminish CAR expression on CHO cells transfected with wild-type CAR. Control cells and CAR transfectants all expressed the integrin ␣v␤5, as determined by staining with MAb P1F6 (27) (Chemicon, Temecula, Calif.). As expected, the expression of this transmembrane protein was not affected by treatment with PIPLC.
Adenovirus and coxsackievirus infection of transfected CHO cells. To determine their susceptibility to adenovirus entry, we exposed CHO cell monolayers to adenovirus 5 engineered to encode ␤-galactosidase (20 and 200 PFU/cell; 1 h at room temperature) and then washed and incubated the cells at 37°C for 48 h. ␤-Galactosidase expression was measured by in situ staining with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (Fig. 3) and by a quantitative ␤-galactosidase assay performed on cell lysates (data not shown). Adenovirusmediated gene delivery was equally efficient in cells transfected with wild-type CAR, tailless CAR, and GPI-CAR, indicating that the cytoplasmic and transmembrane domains are not required for adenovirus entry.
Radiolabeled coxsackievirus B3 (Nancy) bound equally well to CHO cells expressing wild-type CAR, tailless CAR, or GPI-CAR (data not shown). To measure susceptibility to coxsackievirus infection, we exposed monolayers of transfected CHO cells to virus (1 PFU/cell) in 24-well plates for 1 h at room temperature. Monolayers were washed three times to remove unbound virus and then incubated at 37°C for 1, 24, or 48 h. Monolayers were frozen and thawed to release virus, and virus titers were determined by plaque assay as described previously (5) . CHO cells expressing tailless CAR and GPI-CAR became infected, as demonstrated by viral cytopathic effect (data not shown) and by an increase in virus titer (Fig. 4A) ; no cytopathic effect or virus replication was observed in control transfectants. These results indicate that neither the CAR cytoplasmic domain nor the transmembrane domain is essential for coxsackievirus infection.
Infection of GPI-CAR cells by coxsackievirus B3 (Nancy) suggested that the GPI anchor does not account for the block to productive infection previously observed in DAF-transfected CHO (CHO-DAF) cells (4, 22) . To confirm this, we tested whether expression of DAF as a transmembrane protein could render CHO cells susceptible to infection by coxsackievirus B3 RD, a virus isolate that binds efficiently to DAF (4). We used an available CHO cell line (CHO-DAF-Tm [18] ) expressing the extracellular portion of DAF fused to the transmembrane and cytoplasmic domains of membrane cofactor protein. In a preliminary experiment we confirmed that radiolabeled coxsackievirus B3 RD bound to monolayers of CHO-DAF-Tm cells as efficiently as it bound to wild-type DAF transfectants (47,000 cpm was added; CHO-DAF-Tm, 24,804 cpm bound; CHO-DAF, 21,506 cpm bound; CHO mock transfectant, 88 cpm bound). When CHO-DAF-Tm cells were exposed to coxsackievirus B3 RD, no viral cytopathic effects and no increase in viral titer were seen (Fig. 4B) . Thus cells transfected with transmembrane DAF, like those transfected with GPI-anchored DAF (4, 22) , are deficient in some postattachment function required for virus replication.
Discussion. These results show that the CAR extracellular domain is sufficient for attachment and internalization of both coxsackie B viruses and adenoviruses. Expression of CAR with a deletion of its cytoplasmic domain, or of GPI-anchored CAR with deletions of both the transmembrane and cytoplasmic domains, promoted virus infection of transfected CHO cells.
Although some coxsackie B virus strains bind to DAF-transfected rodent cells, productive infection does not occur (4, 22) . The fact that DAF is a GPI-anchored (rather than a transmembrane) protein does not explain the postattachment block to infection. The expression of CAR with a GPI anchor did not abolish its capacity to mediate infection, and the expression of DAF with a transmembrane anchor did not permit infection to proceed beyond the attachment stage. Transmembrane and GPI-anchored proteins have been reported to enter cells by different routes (1, 16 ), but such differences do not explain the failure of coxsackieviruses to infect CHO-DAF cells. Rhinovirus, another human picornavirus, infects cells expressing an engineered GPI-anchored form of the rhinovirus receptor (24) , and similar results have been obtained with human immunodeficiency virus (10), measles virus (26) , and subgroup A avian leukosis virus (33) . As has been proposed for echovirus 7 (21) , coxsackievirus B3 infection of CHO-DAF cells may be blocked because interaction with DAF does not trigger viral uncoating.
The role of DAF in coxsackievirus infection is not clearly defined. Hsu and colleagues suggested that coxsackievirus B3 RD interaction with DAF on RD rhabdomyosarcoma cells is sufficient for productive infection (14) . In contrast, other investigators reported that attachment of another virus strain to DAF on RD cells does not lead to infection in the absence of CAR (23) . Even if it functions only in attachment, DAF may enhance susceptibility to infection by concentrating virus particles at the cell surface and facilitating interaction with CAR.
The mechanism by which picornaviruses enter cells (or release infectious RNA into the cytoplasm) is poorly understood, but adenovirus entry is somewhat better defined. After attachment to a primary receptor such as CAR, adenoviruses are internalized in clathrin-coated vesicles (20) , and within an endosomal compartment, the virion is dismantled, resulting in the eventual release of the viral genome and its transport to the nucleus (12) . Virus internalization (29) and endosomal disruption (28) are facilitated by interactions between the virus and ␣v integrins on the cell surface. Integrin-dependent signaling events-including the activation of phosphoinositide-3-OH kinase-appear to be important for virus entry (17) .
Our results suggest that if CAR-dependent signals are involved in virus entry their transmission does not require the CAR cytoplasmic and transmembrane domains. The demonstration that these CAR domains are not essential is consistent with experiments in which adenovirus attachment to cell surface molecules other than CAR, accomplished by modification of the viral fiber (30) or the use of bispecific bridging antibodies (31), permits adenovirus entry and adenovirus-mediated gene delivery. Although these data do not exclude the possibility that CAR-mediated signals occur or are important in virus delivery, it is possible that CAR functions solely as an attachment molecule and that once adenovirus has attached to CAR or any other cell surface molecule, subsequent events in entry are mediated entirely by integrins or other secondary receptors.
We thank JenniElizabeth Petrella and Mariam Rahman for techni- CHO-hCAR, CHO-tailless CAR, CHO-GPI-CAR, or CHO-pcDNA3.1 monolayers were exposed to coxsackievirus B3 (Nancy) (obtained from Richard Crowell; 5 PFU per cell) for 1 h at room temperature, washed four times to remove unbound virus, and incubated at 37°C for 1 h (0 days), 1 day, or 2 days. Monolayers were frozen and thawed to release virus, and then plaque assays were performed. The mean virus titers for duplicate cultures are shown. (B) Infection mediated by transmembrane DAF. CHO-hCAR monolayers, CHOpcDNA3.1 monolayers, or CHO-DAF-Tm cells were exposed to DAF-binding coxsackievirus B3 RD (4) (3 PFU per cell), and then incubations and plaque assays were performed as described above.
cal assistance, Richard Lublin for DAF cDNA and CHO-DAF-Tm cells, Scott Baldwin for Ad.CMV.␤-gal, and Susan Coffin and Paul Bates for comments on the manuscript. This work was supported by grants from the NIH (AI35667 and HL54734). J.M.B. is an Established Investigator of the American Heart Association.
